Preclinical studies revealed contribution of N-methyl-D-aspartate receptors (NMDARs) to a variety of neuropsychiatric diseases including alcoholism, but development of NMDAR antagonists for therapeutic use has been a challenge, in part due to severe side effects. One of the key intracellular events resulting from stimulation of NMDAR is activation of calpains-calcium-dependent cysteine proteases. Here we studied whether inhibition of calpains would produce therapeutic-like effects of NMDAR antagonists but without their NMDAR-mediated side-effect profile. The calpain inhibitor A-705253 (3-10 mg/kg) was tested in a model of cue-induced reinstatement of alcohol-seeking behavior in post-dependent Wistar rats and in an alcohol deprivation effect (ADE) model in long-term alcohol drinking Wistar rats, two behavioral models for alcohol-seeking and relapse, respectively. We also tested the effect of A-705253 on the saccharine deprivation effect (SDE) as a selectivity measure. Acute treatment with A-705253 dose-dependently reduced cue-induced reinstatement of alcohol-seeking behavior. Repeated administration of A-705253 caused significant reductions of relapse-like excessive alcohol intake during the postabstinence drinking days, an effect that persisted during two more successive drug-free drinking weeks, which was selective for the ADE as the SDE was unaffected. However, A-705253 did not produce psychostimulant, cognition impairing (delayed-matching-to-position), or psychotomimetic effects (specifically, phencyclidine discriminative stimulus effects). Taken together, these results demonstrate the involvement of calpains in alcohol-seeking and relapse and present a rationale for a novel pharmacological intervention that may reduce craving and relapse with minimal side effects in alcohol-dependent patients.
INTRODUCTION
Acute alcohol has a negative modulating effect on the N-methyl-D-aspartate receptor (NMDAR), whereas chronic alcohol use leads to the development of hypersensitivity of this receptor (Lovinger et al, 1989; Holmes et al, 2013) . Together with augmented glutamate levels this causes hyperexcitability of the central nervous system during acute and conditioned withdrawal and contributes to alcohol-seeking and relapse (Herrmann et al, 2012; Holmes et al, 2013) . On the basis of the role of NMDAR and glutamatergic system in alcohol-seeking and relapse, NMDAR antagonists have been suggested as a treatment of alcoholism (Krystal et al, 2003; Holmes et al, 2013; Spanagel and Vengeliene, 2013) . However, clinical studies have so far not supported these expectations. In a pilot study in alcohol-dependent patients, treatment with the non-competitive NMDAR channel blocker, memantine, did not differentiate from placebo, but the investigators noted 'a greater number of side effects compared with the placebo group, such that 26% of patients had their drug dose decreased or discontinued due to memantine-related side effects' (Evans et al, 2007) . Neramexane, another NMDAR channel blocker, also did not meet the primary outcome goals (continuous abstinence rate and cumulative abstinence duration) in a Phase II study in patients with alcohol dependence (Rammes, 2009; Spanagel and Vengeliene, 2013) . Several reasons for the failure of these clinical studies have been discussed, but insufficient dosing might be the main reason (Spanagel and Vengeliene, 2013) . However, given the severe psychotomimetic side-effect profile of high doses of NMDAR channel blockers that includes hallucinations, paranoid delusions, confusion, learning, and memory deficits, as well as many others, a conservative dosing regime in clinical trials is warranted.
There are several approaches one can take in order to maintain therapeutic efficacy while eliminating the adverse effects of NMDAR antagonists. One possible strategy is to identify intracellular signaling cascades coupled to NMDAR activation that are differentially involved in therapeutic vs adverse effects of NMDAR antagonists. One of these intracellular signaling cascades involves calpains. Calpains are calcium-activated cysteine proteases with a crucial role in various pathophysiological processes in the cell (Goll et al, 2003) . Today, more than 15 mammalian calpains have been identified (Nimmrich et al, 2012) . Predominantly, two isoforms of calpains, μ-calpain (calpain I) and m-calpain (calpain II), exist in brain regions relevant for alcohol dependence (Witzmann et al, 2003; Goll et al, 2003; Noori et al, 2012) . There are several pharmacological tools that can be used to selectively manipulate calpains to explore their role in physiology and pathology.
The present study aimed to evaluate effects of the brainpenetrating calpain I inhibitor A-705253 in models of alcoholseeking and relapse that were previously shown to be sensitive to NMDAR blockade-namely the model of cue-induced reinstatement of alcohol-seeking behavior in post-dependent Wistar rats (Meinhardt and Sommer, 2015) and the alcohol deprivation effect (ADE) model in long-term alcohol drinking Wistar rats (Spanagel and Hölter, 1999; Vengeliene et al, 2005) . A-705253 has a Ki for calpain inhibition of 53 nM, and has been previously used in in vivo studies (Nimmrich et al, 2008) , with a sufficiently long half-life (2.3-5 h) and, at C max , brain levels reach 90 ng/g (186 nM) after subcutaneous administration of 10 mg/kg in the rat (AbbVie, unpublished data; Lubisch et al, 2003) .
The reinstatement model in post-dependent rat is used as a model for medication development in alcoholism (Meinhardt et al, 2013; Meinhardt and Sommer, 2015) and examines the resumption of responding in an operant task by re-exposing dependent and non-dependent rats to alcohol-associated environmental stimuli (cues; SanchisSegura and Spanagel, 2006) . Cue-induced increase in alcohol-seeking is attenuated by some NMDAR antagonists (Bäckström and Hyytiä, 2004; Spanagel, 2009 ), but these effects are sometimes accompanied with a generalized impairment of motor behavior .
In the alcohol deprivation model in long-term alcohol drinking Wistar rats, renewed access to alcohol solutions after a period of deprivation for several days leads to a pronounced, although temporary, increase in voluntary alcohol intake (the ADE) in animals. Following repeated deprivation phases, the ADE is characterized by an increased demand for the drug that resembles a relapse situation in alcoholic patients (Spanagel and Hölter, 1999; Vengeliene et al, 2009) . In previous studies, expression of ADE was attenuated by repeated sub-acute treatment with memantine, neramexane, and other NMDAR antagonists (Hölter et al, 2000; Vengeliene et al, 2005 Vengeliene et al, , 2008 Spanagel, 2009 ).
Here we performed: (i) dose-response testing of A-705253 in the reinstatement and ADE models; (ii) contrasted the observed effects vs the saccharine deprivation effect (SDE) to see the selectivity of drug toward alcohol-related behaviors; and finally, (iii) assessed whether A-705253 would produce a NMDAR-like side-effect profile in a set of experiments aimed to reveal psychostimulant, psychotomimetic (phencyclidine-like), and cognition-impairing effects that are normally seen after the administration of NMDAR antagonists such as phencyclidine (PCP) or memantine.
MATERIALS AND METHODS

Animals
See Supplementary Information for details.
All experiments were approved by the AbbVie's Animal Welfare Office (Ludwigshafen, Germany) as well as institutional Committees on Animal Care and Use, and by the Regierungspräsidium Karlsruhe, and were performed in accordance with the European and German National Guidelines as well as the recommendations and policies of the United States National Institutes of Health Principles of Laboratory Animal Care. Except for the alcohol studies, all animal housing and experiments were conducted in facilities with full accreditation by the Association for Assessment and Accreditation of Laboratory Animal Care.
Drugs
Cue-Induced Reinstatement of Alcohol-Seeking Behaviour in Post-Dependent Rats Operant alcohol self-administration apparatus. All alcohol-seeking experiments were carried out in operant chambers (MED Associates, St Albans, VT) enclosed in ventilated sound-attenuating cubicles. The chambers were equipped with a response lever on each side panel of the chamber (one active and another inactive). Responses at the active lever activated a syringe pump that delivered a~30-μl drop of fluid into a liquid receptacle next to it. A light stimulus (house light) was mounted above the right response lever of the self-administration chamber. An IBM compatible computer controlled the delivery of fluids, presentation of stimuli, and data recording (see also Supplementary Information for details).
Alcohol self-administration training. All animal training and testing sessions were performed during the dark phase of their light cycle. Animals (n = 16) were trained to press the active lever reinforced with 10% (v/v) ethanol in daily 30-min sessions using a fixed-ratio 1 (FR 1) schedule following Samson's sucrose-fading procedure (Samson, 1986) . During the first 3 days of training, animals were kept fluid deprived for 20 h per day in order to facilitate acquisition of operant responding for a liquid reinforcer. Responses at the left lever were reinforced by the delivery of 0.2% (w/v) saccharin solution. For the next 3 days, animals underwent the same procedure without fluid deprivation. Following the acquisition of saccharin-reinforced responding, rats were trained to self-administer ethanol. Thus, rats had access to 0.2% saccharin with 5% ethanol for 1 day, 5% ethanol for 1 day, 0.2% saccharin with 8% ethanol for 1 day, 8% ethanol for 1 day, 0.2% saccharin with 10% ethanol for 1 day, and 10% ethanol for 1 day. Throughout the training phase, responses at the inactive lever were recorded but not reinforced (inactive lever).
Conditioning phase. The purpose of the conditioning phase was to train the animals to associate the availability of ethanol with the presence of specific discriminative stimuli. This phase started after the completion of the saccharin-fading procedure. Discriminative stimuli predicting ethanol (10%) availability were presented during each subsequent daily 30-min session. An orange flavor extract served as the cue stimulus (S) for ethanol. This olfactory stimulus was generated by depositing six drops of an orange extract into the bedding of the operant chamber before each session. In addition, each active lever press resulting in ethanol delivery was accompanied by a 5-s presentation of the house light (conditioned light stimulus, CS). The 5-s period served as a 'time-out', during which responses were recorded but not reinforced. At the end of each session, the bedding of the chamber was changed and trays were thoroughly cleaned. The animals received a total of 10 ethanol conditioning sessions. Throughout the conditioning phase, responses at the inactive lever were recorded but not reinforced (inactive lever).
Ethanol vapor exposure and blood sampling. Vapor exposure experiment was performed in a rodent alcohol inhalation system as described previously (Rimondini et al, 2002) . In this system, high-performance liquid chromatography pumps (Knauer, Berlin, Germany) deliver ethanol into electrically heated stainless steel coils (60°C) connected to airflow of 18 l/min. Vaporized ethanol is delivered to the individual rat chambers (1 × 1 × 1 m 3 ) via the tubes connected to the side arms. Each tube also has its own pressure gauge that enables to adjust evenly the conditions for each chamber.
After completing the conditioning phase, rats were divided into two experimental groups, on the basis of their performance during the last four conditioning sessions (n = 8). One group was exposed to the ethanol vapor using an alcohol inhalation system while another group served as a control group. Control animals were placed into vapor chambers for the same amount of time without exposing them to ethanol vapor.
To induce dependence, rats first were allowed to habituate to the chambers for 1 week. Thereafter, rats were exposed to ethanol vapor for the following 7 weeks. Each week consisted of five 14-h (0000 hours to 1400 hours) vapor exposures separated by 10-h periods of withdrawal and additional 58-h of withdrawal at the end of the week.
Once per week blood (~20 μl) was sampled from the lateral tail vein of ethanol exposed rats for blood alcohol concentration measurements. Blood alcohol concentrations were determined using an AM1 Analox system (Analox Instruments, London, UK). Following intermittent exposure to ethanol vapor, all rats we subjected to the 2-week abstinence phase.
Conditioning and extinction phase in post-dependent rats. Following 2-week abstinence phase, all animals were re-conditioned to self-administer 10% ethanol in 10 daily conditioning sessions. After completing the re-conditioning phase, rats were subjected to daily 30-min extinction sessions for 7 consecutive days, which in total were sufficient to reach the extinction criterion of less than 10 lever responses/ session. Extinction sessions began by extending the levers without presenting olfactory discriminative stimuli. Responses at the previously active lever activated the syringe pump, without resulting in the delivery of ethanol or the presentation of response-contingent cues (stimulus light).
Reinstatement testing. Reinstatement tests began 3 days after the final extinction session. In these tests, rats were exposed to the same conditions as during the conditioning phase, except that the ethanol was not made available. Sessions were initiated by the extension of both ethanol associated and inactive levers and the presentation of the discriminative stimulus predicting ethanol (S). Responses at the ethanol-associated lever were followed by the activation of the syringe pump and the presentation of the CS (light). The first two lever presses resulted in the delivery of ethanol, ie,~60 μl of liquid that served as an additional olfactory/ gustatory cue (see also Vengeliene et al, 2007, for details) .
To test the effect of A-705253 on cue-induced reinstatement, animals were injected IP with either vehicle, 3 mg/kg of A-705253, or 10 mg/kg of A-705253 randomized throughout three reinstatement sessions separated by 5 days based on a Latin square design. A single-drug administration was performed 30 min before each reinstatement session. (see Supplementary Information for locomotor activity measurements).
Long-Term Voluntary Alcohol Consumption with Repeated Deprivation Phases
Alcohol consumption with repeated deprivation phases. After 2 weeks of habituation to the animal room, rats (n = 24) were given ad libitum access to tap water and to 5, 10, and 20% ethanol solutions (v/v) as well. Spillage and evaporation were minimized by the use of special bottle caps. With this procedure, the ethanol concentration remains constant for at least 1 week (Hölter et al, 1998) . The positions of bottles were changed weekly.
The first 2-week deprivation period was introduced after 8 weeks of continuous alcohol availability. After the deprivation period, rats were given access to alcohol again and three more deprivation periods were introduced in a random manner, ie, the duration of following drinking and deprivation phases was irregular, ie,~5 ± 1 weeks and 2 ± 1 weeks, respectively, to prevent adaptive behavioral mechanisms (see also Vengeliene et al, 2005 Vengeliene et al, , 2010 , for details). The long-term voluntary alcohol drinking procedure including all deprivation phases lasted a total of 8 months.
The pharmacological testing was introduced at the end of the fourth alcohol deprivation period. To study the effects of A-705253, rats were divided into three groups (n = 8) in such way that the mean baseline total alcohol intake was approximately the same in each group (ie,~1.9 g/kg/day). Baseline drinking was measured daily for 1 week. After the last day of baseline measurement, the alcohol bottles were removed from the cages leaving the animals with free access to food and water for 2 weeks. Thereafter, each animal was subjected to a total of 5 IP injections (starting at 1900 hours with 12 h intervals) of either vehicle or A-705253 (3 and 10 mg/kg). The alcohol bottles were reintroduced after the second injection (at 0900 hours on the 15th day of alcohol deprivation) and the occurrence of an ADE was determined. Total ethanol (g/kg of body weight/day) and water intake (ml/kg of body weight/day) were measured daily at~0900 hours for the subsequent week. To test for persistent treatment effects, both ethanol and water intake were measured for three more weeks, and one more drug-free ADE. Each rat's body weight was recorded 24 h before the first injection and 12 h after the last injection. The drug injection schedule was based on our previous studies using the same paradigm (eg, see Vengeliene et al 2010, for details). In addition, home cage locomotor activity was measured by the E-motion system (see Supplementary Information for details).
Saccharine Deprivation Effect
After 2 weeks of habituation to the animal room, rats were given ad libitum access to tap water and 0.1% saccharine solution (w/v) as well. The positions of bottles were changed weekly. A 1-week deprivation period was introduced after 18 weeks of continuous saccharin availability. After the deprivation period, rats were given access to saccharin again.
The pharmacological testing was performed in the same way as in the above described ADE studies. Briefly, drug administration started at the end of the saccharine deprivation period. To study the effects of A-705253, rats were divided into two groups (n = 8) in such way that the mean baseline saccharine intake was approximately the same in each group (ie,~29 ml/day). After the last day of baseline measurement, the saccharine bottles were removed from the cages leaving the animals with free access to food and water for 1 week. At the end of this week, each animal was subjected to a total of 5 IP injections (starting at 1900 hours with 12 h intervals) of either vehicle or A-705253 (10 mg/kg). The saccharine bottles were reintroduced after the second injection and the occurrence of SDE was determined.
Assessment of Side-Effect Profile
Locomotor activity test. Thirty minutes after administration of either vehicle or A-705253 (3, 10 and 30 mg/kg), animals (n = 8 per treatment condition) were put in a Type IV Macrolon test cage with bedding and a filter-unit lid, which was placed in a frame with photobeams (Cage Rack Photobeam system, San Diego Instruments, San Diego, CA) housed inside the sound attenuating cubicles (Med Associates) with house lights on (20-25 Lux) and a small ventilator fixed on the wall of the cubicle to generate ventilation and background noise. After breaking the first light barrier, the monitoring of locomotion was started and activity was recorded for 2 h. PCP discrimination testing. Drug discrimination training and test sessions were conducted in two-lever operant conditioning chambers (MED Associates) equipped with a house light and a food dispenser that delivered 45 mg food pellets (P.J. Noyes Company, Frenchtown, NJ). Scheduling of pellet deliveries and collection of data were accomplished by a microcomputer, interface, and associated software (MED-PC, MED Associates).
Subjects (n = 7) were initially trained to press one of the two levers under a fixed ratio 1 (FR1) schedule of food reinforcement in which a food pellet was delivered following each press of a designated lever. The response requirement was gradually increased to FR10. Subsequently, the rats were reinforced for pressing the opposite lever until FR10 performance was established. Drug-discrimination training then began during daily, 15-min experimental sessions. At the start of each session, a white house light was turned on, and in its presence the rats were required to make 10 consecutive responses on the lever appropriate to the presession treatment to obtain food pellet delivery. Rats were injected i.p. 15 min before each session with 2 mg/kg of PCP or saline. One of the two levers was designated as the 'correct lever' dependent upon whether PCP or saline was administered. PCP and saline injections were scheduled according to a double alternating sequence. Lever pressing produced pellet delivery only on the injection-appropriate lever for that day. Incorrect presses reset the response requirement on the correct lever during training sessions (but not during test sessions; see below).
Testing began once a subject met the following criteria: (i) the first completed fixed-ratio occurred on the lever designated correct on at least 8 of 10 consecutive training sessions and (ii) at least 80% of the total responses were made on the correct lever during those 8 sessions. After these initial training conditions were met, tests could occur on Tuesdays and Fridays provided that the subject completed the first completed fixed-ratio on the correct lever during the most recent training drug and vehicle sessions, otherwise a training session was administered. Test days were identical to training days except completions of the fixed ratio contingencies at either lever resulted in pellet delivery. A dose-response curve was initially obtained for PCP (0.5-8 mg/kg) followed by substitution tests with A-705253 (3, 10, and 30 mg/kg) and its vehicle.
Delayed non-matching to position (DNMTP) test. Experiments were conducted in standard operant conditioning chambers (MED Associates, East Fairfield, VT) enclosed in sound-and light-attenuating cubicles. The chambers were connected to a computer through an interface and controlled by custom-programmed MED-PC scripts. Each chamber was equipped with a white house light centered 19 cm above two response levers (model ENV-112BM; positioned 7 cm above the floor), and a food dispenser, which delivered 45 mg food pellets (Formula A/I, Noyes Precision Pellets, Research Diets, Inc., New Brunswick, NJ) on the front wall. Two cue lights were positioned above each lever, and an additional light illuminated the food tray. A nose-poke operandum with the built-in cue light (model ENV-114M) was situated on the back side of the chamber.
First, rats (n = 12 for experiments with memantine and n = 9 in studies on A-705253) were shaped to lever press for food pellet delivery and then were taken through several consecutive training stages as described earlier (Sukhotina et al, 2008) . All animals were trained in parallel and needed about 50 sessions to achieve the final stage of the training. Start of each trial was signaled by the illumination of the house light and with one lever extension into the chamber (the 'sample'). If the rat pressed the lever, the lever was retracted and the food magazine was illuminated. After a variable delay period (0, 8, 16, or 32 s), the cue light inside the nose-poke hole was illuminated and the rat had to nosepoke in order to get both levers presented for making a choice. If the animal pressed the lever opposite to the 'sample' (ie, non-matching), then the correct response was recorded and both levers were retracted, and the rat was reinforced with a food pellet. If the rat pressed the same lever as the 'sample' (ie, matching), then an incorrect response was recorded, both levers were retracted, and no food was delivered. Each trial was followed by the inter-trial interval of 5 s with the house light off. Each session consisted of 96 trails. During each trial, the rat had 20 s to respond to the 'sample' lever. If no lever was pressed during this period, it was retracted and the house light was extinguished for 20 s ('time-out' period). Failure to respond upon a lever was recorded as a missed trial or omission. This was followed by 
Statistics
Data obtained from the cue-induced reinstatement experiment were analyzed by use of a two-way analysis of variance (ANOVA) with repeated measures (factors were: treatment and lever). Locomotor activity measurements for the reinstatement experiment were analyzed using one-way ANOVA with repeated measures (factor-treatment). Whenever significant differences were found, post-hoc Student-Newman-Keuls tests were performed. Data derived from home-cage drinking (total alcohol intake and water intake) and home-cage locomotor activity were analyzed using a two-way ANOVA with repeated measures (factors were: treatment and day/week). Data analysis regarding the effects of treatment on the change in the animals' body weight was performed using a one-way ANOVA (factortreatment). Whenever significant differences were found, post-hoc Student-Newman-Keuls tests were performed.
For locomotor activity test, cumulative activity counts (over 2-h sessions) were subjected to one-way ANOVA and post-hoc comparisons.
In drug discrimination studies, the percent drug-lever responding was calculated for each subject by dividing the number of lever presses emitted upon the PCP-designated lever by the total number of lever presses emitted upon both levers and multiplying this quotient by 100. Individual drug lever responding percentages were then averaged (± SEM). Complete generalization to the PCP discriminative stimulus was inferred when % PCP lever responses ⩾80%. Mean response rates for each test condition were calculated by dividing the total number of lever presses emitted upon both levers by the duration of the test session (900 s) for each subject and then these rates were averaged (± SEM). Data were subjected to repeated measures ANOVA, and results at each drug dose condition were compared with results obtained under vehicle-control conditions with post-hoc testing. If a rat failed to emit at least 10 lever presses (ie, sufficient to obtain at least one pellet delivery) during a test, its data were excluded from calculations of mean %PCP lever responding for that test but were included for mean response rate determinations. This exclusion was made to prevent disproportionate influence on expressions of PCP-lever selection by extremely low rate responding rats. ED50's were determined via curvilinear analysis.
For DNMTP, percent of correct responses (choice accuracy) was calculated for each individual rat at each delay interval and, after rank transformation, subjected to a two-way ANOVA with repeated measures on both factors (treatment and delays). Whenever applicable for repeated measures analysis, Mauchly's test of sphericity was applied and the degrees of freedom were corrected to more conservative values using the Huynh-Feldt's epsilon for any terms involving factors in which the sphericity assumption was violated.
Differences during all comparisons were inferred when Po0.05.
RESULTS
A-705253 Dose-Dependently Reduces Cue-Induced Reinstatement of Alcohol-Seeking Behavior in PostDependent Rats
At the end of the second conditioning phase, non-dependent rats exhibited 56 ±4 ethanol reinforced lever presses, whereas post-dependent rats had 125 ± 7 lever presses. The number of operant responses progressively diminished across seven extinction sessions. Thus, during the last extinction session, lever presses were as low as 5.8 ± 1.5 and 7.8 ± 0.4 for the control and post-dependent group, respectively. During the reinstatement test, both animal groups (non-dependent and post-dependent) increased the number of responses on the ethanol-associated lever as compared with the last extinction session. This was confirmed by the repeated measures ANOVA results (factor treatment: F(3,21) = 19.1, Po0.0001 and F(3,21) = 21.6, Po0.0001 for the non-dependent animal group and post-dependent group, respectively). Post-hoc comparisons revealed that responses on the ethanol-associated lever during the reinstatement test were increased significantly in vehicle as well as the 3 mg/kg of A-705253-treated groups (Figure 1) . However, treatment with 3 mg/kg of A-705253 reduced lever responses significantly during the reinstatement testing in both nondependent and post-dependent animal groups, whereas 10 mg/kg dose of A-705253 completely abolished cueinduced enhanced ethanol-seeking (Figure 1a and c) . A-705253 treatment did not affect responding at the inactive lever (Figure 1b and d) . Locomotor activity measurements showed a slight, although not significant, reduction in animals' activity following administration of both 3 and 10 mg/kg of A-705253 (factor treatment: P = 0.55). Number of movements during the 30 min that corresponded to the time of reinstatement testing for the vehicle control group was 504 ± 50, for the 3 mg/kg treatment group was 432 ± 53, and for the 10 mg/kg treatment group was 409 ± 77.
A-705253 Abolishes the ADE but not the SDE
Following the re-introduction of alcohol solutions after a period of abstinence, the vehicle-treated group showed the expected increase in alcohol consumption, indicating occurrence of an ADE (Figure 2) . With respect to the pharmacological treatments, a two-way ANOVA for repeated measures revealed a significant increase in alcohol intake after a deprivation phase in all animal groups as compared with basal drinking (factor day: F(7,168) = 38.1, Po0.0001). This increase was mainly attributable to the vehicle-treated group, whereas A-705253 treatment reduced the expression of ADE. In A-705253-treated animals, alcohol intake was still increased during the first post-deprivation day but dropped below baseline levels from the second day onward. Thus, two-way ANOVA revealed a significant difference in alcohol intake between vehicle-and A-705253-treated animal groups (factor treatment group: F(2,21) = 22.4, Po0.0001) and a significant treatment group × day interaction effect (F(14,147) = 6.1, Po0.0001), showing that the treatment of rats with A-705253 was capable of reducing the expression of ADE (Figure 2 ). In contrast, water intake (Supplementary Figure 1) was significantly increased in A-705253-treated animals during treatment days, suggesting that the effect of treatment was selective for alcohol (factor treatment group × day interaction effect (F(14,147) = 2.2, Po0.05)). It should also be noted that the 10 mg/kg dose of A-705253 treatment led to small but significant changes in the animals' body weight (factor treatment group: F(2,21) = 22.4, Po0.0001; difference in body weight when compared before and after treatment: +0.2 ± 0.2%, 3 mg/kg treated animals: − 0.2 ± 0.2% and 10 mg/kg treated animals: − 1.8 ± 0.3%). This small reduction in body weight is most likely due to reduced alcohol intake.
Monitoring of weekly ethanol intake after A-705253 treatment showed that alcohol consumption was significantly different among the three treatment groups over the entire time-course of the experiment (factor treatment group: F(2,21) = 7.0, Po0.01 and treatment group × week interaction effect: F(16,168) = 2.7, Po0.001; Supplementary Figure 2) . Subsequent post-hoc analysis revealed that alcohol consumption in the 10 mg/kg of A-705253 treatment group was significantly reduced during two more successive drug-free drinking weeks as compared with the vehicle-treated group.
Locomotor activity data for the ADE experiment were analyzed using recordings of 12 h post-injection intervals that corresponded to the animals' active phase. Overall, there was a general reduction in home-cage activity seen in all animal groups, which was likely caused by alcohol intoxication. A two-way ANOVA revealed a significant difference in activity of A-705253-treated animals, when compared with the vehicle-treated rats (factor treatment group × day interaction effect: F(14,147) = 1.9, Po0.05; Supplementary Figure 3) . Post-hoc analysis revealed that locomotor activity in the 3 mg/kg treated animal groups was not significantly different from the vehicle-treated animal group at any time point. However, repeated administration of 10 mg/kg of A-705253 + Significant differences to the extinction lever responses; *significant differences from the vehicle control group, Po0.05.
Calpain inhibition reduces alcohol relapse V Vengeliene et al caused a slight reduction of locomotor activity, only to recover to basal levels immediately after treatment stopped. To test the selectivity of A-705253 toward alcohol-related effects, we studied the occurrence of a SDE. Following the re-introduction of saccharin after a period of abstinence, its consumption increased in both vehicle-and A-705253-treated subjects as compared with baseline saccharin intake, indicating occurrence of an SDE. This was confirmed with a two-way ANOVA for repeated measures (factor day: F(3,87) = 5.9, Po0.001). However, A-705253 treatment did not reduce the expression of SDE (factor treatment group: P = 0.71 and factor treatment group × day interaction effect: P = 0.31; Supplementary Figure 4) .
A-705253 does not Produce a Typical NMDAR-Mediated Side-Effect Profile
Application of NMDAR antagonists can produce psychomotor stimulation. Indeed locomotor activity was significantly enhanced by pretreatment with different doses (0, 2.5, 5, and 10 mg/kg) of the channel blocker memantine (F(3,31) = 9.7, Po0.01), whereas only a very high dose of A-705253 (30 mg/kg)-which was not used for the alcohol-seeking and relapse experiments-reduced motor activity (F(3,31) = 5.5, Po0.01; Figure 3 ).
Another spectrum of NMDAR antagonistic side effects is related to dissociative, hallucinogenic, and euphoriant properties. This can best be seen after the application of PCP. We therefore asked whether A-705253 is able to substitute for PCP in a discrimination task. When PCP was tested, it dose-dependently engendered the 2 mg/kg PCP discriminative stimulus with an ED 50 of 1.11 (CI: 0.85-1.44) mg/kg (Figure 4a ). When A-705253 was tested, it produced maximum % PCP lever presses of 10.2 ± 6.2%, indicating that it did not substitute to the PCP discriminative stimulus at the doses tested. Both PCP and A-705253 produced dosedependent reductions in response rates, and had ED 50 s of 3.86 (CI: 2.88-5.18) mg/kg and 11.59 (CI: 2.21-60.67) mg/kg for doing so, respectively (Figure 4b ). These response rate effects of A-705253 indicated that it was tested at doses high enough to produce behavioral effects.
NMDAR blockers such as memantine can also produce cognition-impairing effects (Creeley et al, 2006; Holmes et al, 2013) . One test that is especially sensitive to cognitionimpairing effects is the DNMPT test (Koch et al, 2015) . By the end of DNMTP training, rats demonstrated stable performance that depended on the delay duration. Under no-drug conditions, performance accuracy was almost 100% Figure 2 Intake of total ethanol (calculated in g of pure alcohol per kg of body weight per day) before and after a deprivation period of 2 weeks. The last 3 days measurements of ethanol intake is given as baseline drinking-'B'. Arrows indicate the administration of either vehicle, 3 mg/kg of A-705253, or 10 mg/kg of A-705253 (n = 8 per treatment condition). Data are presented as means ± SEM. + Significant differences to baseline drinking, *significant differences from the vehicle control group, Po0.05. Figure 3 Effects of memantine (a) and A-705253 (b) on locomotor activity. Thirty minutes after the drug injection, rats (n = 8 per treatment condition) were placed into test cages and their activity was recorded for 2 h. Data are presented as means ± SEM. *Significant differences from the corresponding vehicle control group, Po0.05.
Calpain inhibition reduces alcohol relapse V Vengeliene et al at zero delay level and approached 50% chance level at the longest delay level. Such delay dependence of DNMTP performance was maintained throughout the rest of the experiment during training sessions as well as test sessions conducted after vehicle administration. Pretreatment with memantine had profound effects on DNMTP performance reducing the overall accuracy (Figure 5a; F(1,66) = 9.6, Po0.01). These effects were associated with a significant increase in choice latencies (two-tailed paired t-test, t = 2.6, df = 12, Po0.05) and a trend toward a higher number of trials omitted (Supplementary Table 1 ). In contrast, up to the highest tested dose of 10 mg/kg, A-705253 had no impact on any of the recorded parameters (Figure 5b and Supplementary Table 1 ).
DISCUSSION
The present study is the first to demonstrate that calpain inhibition attenuates behaviors related to alcohol-seeking and relapse in laboratory rats. Acute treatment with A-705253 reduced cue-induced reinstatement of alcohol-seeking behavior, whereas repeated administration of A-705253 caused significant reductions of relapse-like excessive alcohol intake during the post-abstinence drinking days in a four-bottle free choice paradigm. This treatment effect was observed during two more successive drug-free drinking weeks and was selective for the ADE, as the SDE was not affected by subchronic A-705253 treatment. Thus, sub-chronic treatment with A-705253 may also induce long-lasting changes in the brain activity, which affects excessive drinking for several weeks after treatment cessation. Most important, calpain inhibition seems to generate a very low side-effect profile, which is devoid of cognition impairment, psychomotor stimulation, or any other psychotomimetic effects.
Previous laboratory research has revealed calpain activation after exposure to alcohol (Rajgopal and Vemuri, 2002; Carloni et al, 2004; Cho et al, 2014) . Besides calpain activation induced by exposure to alcohol, there is also evidence of higher expression of calpain in alcohol-naïve rats of an alcohol-preferring strain (Witzmann et al, 2003) . Taken together with the results of the present study showing that calpain inhibition attenuates alcohol-seeking and alcohol taking behaviors, higher expression of calpain found by Witzmann and colleagues may indicate that higher calpain activity might underlie preference for alcohol, at least in certain subjects or strains.
Calpains are often discussed as one of the intracellular targets mediating at least some of the effects of NMDA Figure 4 Results of substitution tests with phencyclidine (PCP), A-705253, and their vehicles (V) that were administered to rats trained to discriminate 2 mg/kg PCP from saline. (a) Effects on %PCP lever presses. Each data point represents the mean ( ± SEM) percentage of presses of the PCP-associated lever relative to presses of both levers, n = 7 (note: six rats at 8 mg/kg of PCP and four rats at 30 mg/kg of A-705253 were excluded because of low response rates). (b) Effects on response rates (lever presses/s). Each data point represents the mean ( ± SEM) total number of lever presses per second during the 15 min test session (n = 7). 
